Abstract Aims/hypothesis: Accumulating evidence indicates that replacement of C-peptide in type 1 diabetes ameliorates nerve and kidney dysfunction, but the molecular mechanisms involved are incompletely understood.
Introduction
A series of studies during the past decade have presented new aspects of C-peptide physiology. There is evidence to suggest that C-peptide binds to a G-protein-coupled membrane binding site on a number of different cell types [1] , thereby triggering Ca 2+ -dependent intracellular signalling pathways [2] including the mitogen-activated protein (MAP) kinase cascade [3, 4] . This results in subsequent activation of both Na + , K + -ATPase [5] [6] [7] and endothelial nitric oxide synthase (eNOS) [5] [6] [7] [8] . Activation of these enzyme systems is of particular interest in diabetes, since both are reported to be deficient in this disorder [9] [10] [11] [12] . Studies in animal models of diabetes and in patients with type 1 diabetes demonstrate that administration of Cpeptide, to yield physiological concentrations, results in a substantial improvement of diabetes-induced functional and structural changes in peripheral nerves [13] [14] [15] . In addition, there is evidence to indicate that C-peptide prevents diabetes-induced deficits in nerve fibre regeneration [16] , protects against glucose-induced apoptosis of nerve cells and stimulates cellular proliferation [17, 18] . Moreover, C-peptide in replacement doses corrects the characteristic glomerular hyperfiltration seen in the early stages of diabetic nephropathy, reduces urinary excretion of albumin and prevents the development of glomerular hypertrophy in type 1 diabetes [13, 19, 20] . In addition, recent studies have established that C-peptide given in replacement doses to type 1 patients augments skeletal muscle and myocardial blood flow and increases the rate of contraction and the stroke volume of the left ventricle [21] [22] [23] .
The molecular mechanism by which C-peptide exerts its effects is now becoming clearer. Extracellular signalregulated kinase (ERK) 1/2 and isoforms of protein kinase C (PKC) are two groups of serine/threonine protein kinases that play important roles in the regulation of cellular functions [24, 25] . C-peptide is reported to stimulate these two pathways. It increases the PKC-dependent phosphorylation of ERK1/2 in Swiss 3T3 fibroblasts [3] and in opossum renal tubular cells [26] . C-peptide also stimulates the phosphorylation of ERK1/2 and p38 MAP kinase in endothelial cells [27] , resulting in increased eNOSmediated synthesis of NO and augmented formation of eNOS protein, secondary to upregulation of eNOS gene transcription, in rat aortic endothelial cells [8] . Moreover, C-peptide stimulates Na + , K + -ATPase activity [6] via PKC-α activation in rat medullary thick ascending limb cells [7] . However, a comprehensive picture of the sequential steps in the C-peptide signalling pathway has not been presented. Moreover, most of the previously reported intracellular effects of C-peptide have been observed in cell models of rodent origin. Consequently, the aim of the present study was to examine, in human renal tubular cells, the sequential steps involved in C-peptide signalling based on the hypothesis that such signalling would involve activation of a G-protein-coupled receptor, phospholipase C, specific PKC isoforms and the MAP kinase system.
Materials and methods
Materials Human recombinant C-peptide was obtained from Schwarz Pharma (Monheim, Germany). Scrambled C-peptide (the same amino acid residues as in C-peptide, but assembled in random order) and C-terminal pentapeptide (EGSLQ) were from Sigma Genosys (Cambridge, UK). Insulin (Actrapid) was from Novo Nordisk (Denmark). Pertussis toxin (PTX) and verapamil were from Sigma (St Louis, MO, USA). Rottlerin, GF109203X, nifedipine, phorbol myristate acetate (PMA) and PD98059 were from Calbiochem (San Diego, CA, USA). Mouse monoclonal anti-PKC-α, -β, -γ, -δ, -ɛ, -ζ, -η and -θ were from Transduction Laboratories (Lexington, KY, USA ) were from Cell Signaling Technology (Beverly, MA, USA). RhoA activation assay kit and mouse monoclonal anti-RhoA antibody were from Upstate Biotechnology (Lake Placid, NY, USA). Horseradish peroxidase-conjugated goat anti-rabbit and anti-mouse immunoglobulin G was obtained from BioRad Laboratories (Hercules, CA, USA). Reagents for enhanced chemiluminescence were obtained from Amersham (Arlington Heights, IL, USA). All other reagents were of analytical grade (Sigma).
Cell culture Human renal tubular cells (HRTC) were cultured from the unaffected outer cortex of renal tissue obtained from nondiabetic patients undergoing elective nephrectomy for renal cell carcinoma [28] . The cells were cultured in RPMI 1640 (Life Technologies) supplemented with 10% fetal calf serum, 2 mmol/l L-glutamine, 10 mmol/l HEPES, benzylpenicillin (100 U/ml) and streptomycin (100 μg/ml), and passaged at near confluence by trypsinisation. Growing cells exhibited epithelial morphology with a central nucleus, a granular cytoplasm and cobblestone appearance on light microscopy. Cells from the second and third passages were used for experiments. Tissue collection was undertaken with the informed consent of the subject and approval by the institutional ethics committee.
Cell stimulation HRTC were serum starved overnight and stimulated with human C-peptide, C-terminal pentapeptide or scrambled human C-peptide. Before stimulation, groups of cells were treated overnight as follows: (1) in the absence or presence of PTX (100 ng/ml); (2) in the absence or presence of 20 μmol/l PD 098059, 20 μmol/l nifedipine or 20 μmol/l verapamil for 20 min in serum-free media; or (3) in the absence or presence of 1 or 10 μmol/l GF109203X, or 20 μmol/l rottlerin for 30 min in serumfree media. Subsequently, cells were washed three times with ice-cold PBS and lysed with ice-cold buffer containing 50 mmol/l HEPES (pH 7.5), 150 mmol/l NaCl, 5 mmol/l EDTA, 10 mmol/l sodium pyrophosphate, 2 mmol/l sodium vanadate, 1% of Triton X-100 and a protease inhibitor cocktail (1 mmol/l phenylmethylsulphonyl fluoride, and 10 μg/ml of each of aprotinin, leupeptin and pepstatin). The lysate was kept on ice for 30 min and centrifuged at 12,000×g for 10 min at 4°C. Protein concentration was determined with a BCA Protein Assay (Pierce, Rockford, IL, USA). Lysates were kept at −80°C before subsequent western blot analysis with appropriate antibodies. For subcellular fractionation experiments, cells were stimulated with 5 nmol/l of human C-peptide, C-terminal pentapeptide of C-peptide or scrambled human C-peptide, 100 nmol/l of insulin, or 100 nmol/l of PMA for 10 min, without or with pretreatment with 1 μmol/l GF109203X or 20 μmol/l rottlerin for 30 min.
Cell fractionation Nearly confluent HRTC, growing in 100-mm dishes, were serum starved overnight and stimulated with C-peptide in the absence or presence of inhibitors as specified above. After three washings with ice-cold PBS, cells were scraped from dishes into ice-cold buffer containing 20 mmol/l Tris (pH 7.6), 1 mmol/l EDTA and 250 mmol/l sucrose plus a protease inhibitor cocktail. Cells were transferred to 1.5-ml Eppendorf test tubes and homogenised by Pellet Pestle for 1 min (VWR International, Stockholm, Sweden) and by passing through a 21-G syringe needle five times. The cell homogenates were pre-cleared from nuclei and cell debris by centrifugation at 12,000×g for 10 min at 4°C. Supernatants were collected and centrifuged at 150,000×g for 1 h at 4°C, and the supernatants from this step were retained as cytosolic fraction. The pellet was homogenised by Pellet Pestle in the above buffer supplemented with 1% Triton X-100, shake-mixed for 30 min at 4°C, and centrifuged at 180,000×g for 1 h at 4°C. The supernatant containing the membrane-soluble proteins was used for western blot analysis. The remaining pellet contained the Triton-insoluble fraction. All fractions were kept at −80°C before assay. Fig. 1 Effect of C-peptide, C-terminal pentapeptide, scrambled Cpeptide, PD98059, pertussis toxin and Ca 2+ channels blockers on ERK1/2 phosphorylation. Cells were serum starved overnight, stimulated with human C-peptide, and cell lysates were subjected to western blot analyses to determine ERK1/2 phosphorylation. Amount of phosphorylated ERK1/2 in the densitometric quantification is expressed as fold increase vs control. a Time-dependent effects of 5 nmol/l human C-peptide observed from 1 to 60 min. b Dose-dependent effects were tested in the range of 1 to 100 nmol/l in cultures incubated for 10 min. c Cells were stimulated with or without human C-peptide (CP), pentapeptide (PP) or scrambled Cpeptide (ScrCP) at 5 nmol/l for 10 min. d Cells were pretreated overnight in the absence or presence of 100 ng/ml pertussis toxin (PTX), or 20 μmol/l PD98059 for 20 min or (e) 20 μmol/l nifedipine (nif) or 20 μmol/l verapamil (ver) for 20 min in serum-free media. Cells were then stimulated with 5 nmol/l C-peptide or pentapeptide for 10 min (d, e). Results are means ± SE for six independent experiments. *p<0.05 vs control. A representative western blot image is shown in the upper panel of each graph PKC and RhoA activation assay PKC and RhoA activation was measured as translocation of PKC isoforms and RhoA from the cytosol to the membrane fraction. Cell membrane Triton-X-100-soluble protein fractions were used to detect PKC and RhoA translocation by western blot with appropriate antibodies. The ability of activated, GTP-bound RhoA to bind with the GST-Rho-binding domain of rhotekin was measured using a commercially available kit (Upstate) according to the manufacturer's instructions. The GTPγS-loaded sample has been used as a positive control.
Western blot analysis Aliquots of cell lysate (20 μg of protein) or crude membrane Triton-X-100-soluble fractions (40 μg protein) were resuspended in Laemmli sample buffer. Proteins were then separated by SDS-PAGE, transferred to polyvinylidenedifluoride membranes (Millipore, MA, USA), blocked with 7.5% nonfat milk, washed with TBST (10 mmol/l Tris-HCl, 100 mmol/l NaCl, 0.02% Tween 20) and incubated with appropriate primary antibodies overnight at 4°C. Membranes were washed with TBST and incubated with an appropriate secondary antibody. Proteins were visualised by enhanced chemiluminescence and quantified by densitometry.
Statistical analysis Data are presented as means ± SE. Student's t-test was used to assess differences between two treatments within a group. All other differences were evaluated by one-way ANOVA. Fisher's least significant difference post hoc analysis was used to identify significant differences. A p value of less than 0.05 was considered statistically significant.
Results
Effects of C-peptide on ERK1/2, JNK and p38 MAP kinase phosphorylation The present study demonstrates that human renal tubular cells in primary culture respond to acute C-peptide exposure. Stimulation for 5 to 10 min increased ERK1/2 phosphorylation (fourfold vs control, p<0.05). The effect of C-peptide was transient, and the level of ERK1/2 phosphorylation decreased gradually to the basal level after 30 to 60 min of stimulation (Fig. 1a) . A physiological concentration of C-peptide (1 nmol/l) increased ERK1/2 phosphorylation approximately fourfold (P<0.05); no further effect was observed for concentrations of 3 and 10 nmol/l. Interestingly, a further increase in C-peptide concentration to 100 nmol/l resulted in only a half-maximal effect (Fig. 1b) . Based on the obtained time-and concentration-dependent data, the stimulation conditions (5 nmol/l of C-peptide and 10 min of incubation) were chosen and used throughout the study. Under these experimental conditions, the C-terminal pentapeptide of C-peptide was found to exhibit similar effects to those of native C-peptide on ERK1/2 phosphorylation, while scrambled C-peptide had no effect (Fig. 1c) . When cells were pretreated with PD98059 (an inhibitor of MEK1, a kinase upstream of ERK1/2), pertussis toxin (G i protein inhibitor), and verapamil and nifedipine (L-type Ca 2+ channel blockers), the effects of C-peptide and its Cterminal pentapeptide on phosphorylated ERK1/2 were abolished (Fig. 1d, e) , suggesting that the effects of Cpeptide are G-protein-and Ca 2+ -dependent. The effects of C-peptide on the phosphorylation of JNK are shown in Fig. 2a . C-peptide and the C-terminal pentapeptide, but not scrambled C-peptide, increased JNK phosphorylation approximately 2.7-fold (p<0.05). These effects were abolished by PTX (Fig. 2b) , indicating that C-peptide stimulates JNK phosphorylation via G i /G o -protein-coupled receptors. C-peptide had no effect on p38 MAP kinase phosphorylation.
Effects of C-peptide on Akt/PKB phosphorylation CPeptide at 5 nmol/l had a robust effect on Akt phosphorylation (Fig. 3b) , which peaked between 3 and 10 min of stimulation. Similar to its effects on ERK1/2 phosphorylation, the most marked effects of C-peptide were on Akt phosphorylation at concentrations close to physiological (Fig. 3b) . The C-terminal pentapeptide was approximately equipotent with the native peptide in stimulating Akt. These effects were inhibited when the cells were pretreated with PTX (Fig. 3c) . Scrambled Cpeptide did not significantly stimulate Akt.
Effects of C-peptide on PKC activation PKC isoformspecific antibodies (anti-PKC-α, -β, -γ, -δ, -ɛ, -ζ, -η and -θ) were used to detect the effects of C-peptide on the translocation of different isoforms of PKC from the cytosol to cell membranes in HRTC. The results show that C-peptide specifically increases the abundance of PKC-δ and -ɛ in the membrane fractions 2.5-and 3.1-fold (p<0.05), respectively (Fig. 4a, b) , while isoforms α, γ, ζ and θ remain unchanged (data not shown). The isoforms β and η were barely detectable in the HRTC membrane fractions. The C-terminal pentapeptide was found to be equipotent with the full-length C-peptide with regard to PKC translocation. Scrambled C-peptide had no effect. PMA, used as a positive control, increased the translocation of isoforms α, γ, δ and ɛ. Insulin translocates PKC-ζ but not the other isoforms (data not shown). When the cells were pretreated with rottlerin, a PKC-δ-specific inhibitor, the effect of C-peptide on PKC-δ, but not on PKC-ɛ, was abolished (Fig. 4c, d ). When using 1 μmol/l of GF109203X, the broad-range PKC inhibitor, the effects of C-peptide on the isoforms δ and ɛ were inhibited. To further confirm the activation effect of C-peptide on PKC-δ, a phospho-specific antibody to PKC-δ was used. C-Peptide was found to increase PKC-δ phosphorylation in total cell lysates and this effect was abolished by PTX (Fig. 5) .
Effects of PKC inhibitors rottlerin and GF109203X on ERK1/2 and JNK phosphorylation To determine whether the effects of C-peptide on ERK1/2 and JNK phosphorylation are mediated via a PKC-dependent pathway, a broad-spectrum PKC inhibitor, GF109203X, and the PKC-δ-specific inhibitor rottlerin were used. The results show that both GF109203X (Fig. 6a) and rottlerin (Fig. 6b) inhibit the effect of C-peptide on the ERK1/2 phosphorylation. JNK phosphorylation by C-peptide was also inhibited by rottlerin (Fig. 6c) .
Effects of phospholipase C inhibition on phosphorylation of ERK1/2, JNK and PKC-δ The present results suggest that C-peptide stimulation of ERK1/2 and JNK is dependent on the PKC isoforms PKC-δ and -ɛ. Activation of PKC requires diacylglycerol, which is a product of the hydrolysis of membrane inositol phospholipids by phospholipase C. In order to test the phospholipase C dependency of the C-peptide signal, cells were pretreated with the phospholipase C inhibitor U73122 prior to C-peptide stimulation. The results show that C-peptide-induced phosphorylation of ERK1/2, JNK and PKC-δ (Fig. 7a, b, d) is inhibited by U73122.
Effects of C-peptide on RhoA activation A possible link between activation of PKCs and MAP kinases could be a Fig. 3 Effect of C-peptide on Akt phosphorylation. Cells were serum starved overnight and stimulated with human C-peptide. Total cell lysates were subject to western blot analyses to determine Akt phosphorylation. The amount of phosphorylated Akt in the densitometric quantification is expressed as fold increase vs control. Results are means ± SE for three to four independent experiments. *p<0.05 vs control. A representative western blot image is shown in the upper panel of each graph. a Time-dependent effects of 5 nmol/l human C-peptide observed from 1 to 30 min. b Dose-dependent effects were tested by increasing the concentration of C-peptide from 1 to 100 nmol/l in cultures incubated for 10 min. c Effects of C-terminal pentapeptide, scrambled human C-peptide and pertussis toxin (PTX) treatment on C-peptide-stimulated Akt phosphorylation PKC-dependent activation of small GTPases [29, 30] . Indeed, as shown in Fig. 8a , C-peptide was found to promote the translocation of small GTPase RhoA from the cytosol to the membrane fraction (3.5-fold increase; p<0.05). This effect was inhibited by both the PKC-δ-specific inhibitor rottlerin and the broad-spectrum PKC inhibitor GF109203X. These results were confirmed in an experiment on the binding of C-peptide-activated RhoA to the GST-Rho binding domain of rhotekin (Fig. 8b) . CPeptide stimulates RhoA-rhotekin binding activity essentially to the same extent as the externally added nonhydrolysable GTP analogue GTPγS.
Discussion
Physiological and clinical effects of C-peptide in type 1 diabetes and its complications have been documented, but the molecular mechanism of C-peptide action still remains incompletely understood. A number of studies, performed on different cell lines, have provided evidence for broad cellular responses to C-peptide stimulation. Several key signalling molecules, such as PKC and the MAP kinase family members have been reported to be activated by Cpeptide [3, 4, 7, 27] , but a specific signal transduction pathway from a proposed C-peptide receptor to downstream effector molecules has not been established. The identification of a specific C-peptide signalling pathway would be helpful for our understanding of its role in ameliorating or preventing the development of long-term complications in diabetes [13-15, 20, 23] . Therefore, the aim of the present study was to establish the sequence of signalling events following C-peptide stimulation using a pharmacological approach based on specific stepwise inhibition.
The present results show that C-peptide in the physiological concentration range stimulates two distal components of the MAP kinase signalling pathway, ERK1/2 and JNK, in human renal tubular cells. The effect of C-peptide was concentration dependent and transient, showing rapid kinetics. An increase in JNK phosphorylation following exposure of cells to C-peptide has not been reported previously. The C-terminal pentapeptide of C-peptide was found to be equipotent with the full-length C-peptide, in accordance with previous findings for the stimulation of Fig. 5 Effect of pertussis toxin on C-peptide-induced phosphorylation of PKC-δ. Cells were pretreated overnight in the absence or presence of 100 ng/ml pertussis toxin in serum-free media. Cells were then stimulated with 5 nmol/l C-peptide or scrambled Cpeptide for 10 min. Total cell lysates were subject to western blot analysis to determine PKC-δ phosphorylation. Results are means ± SE for four independent experiments. *p<0.05 vs control. A representative western blot image is shown in the upper panel of the graph Fig. 4 Effects of C-peptide on the activation of PKC isoforms. Cells were serum starved overnight, pretreated without (a, b) or with (c, d) 1 μmol/l GF109203X or 20 μmol/l rottlerin (Rot) for 30 min, and then incubated with 5 nmol/l C-peptide, pentapeptide or scrambled C-peptide, or with 100 nmol/l insulin or PMA for 10 min. PKC-δ and PKC-ɛ were detected by western blotting of membrane fractions with isoform-specific anti-PKC antibodies. Results are means ± SE for eight independent experiments. *p<0.05 vs control. A representative western blot image is shown in the upper panel of each graph Fig. 6 Effects of PKC inhibitors on C-peptide-induced phosphorylation of ERK1/2 and JNK. Cells were pretreated in the absence or presence of 1 or 10 μmol/l GF109203X (GFX) (a), or 20 μmol/l rottlerin (Rot) (b, c) for 30 min in serum-free media. Cells were then stimulated with 5 nmol/l C-peptide for 10 min. Total cell lysates were subjected to western blot analysis to determine ERK1/2 phosphorylation. Results are means ± SE for six independent experiments. *p<0.05 vs control. A representative western blot image is shown in the upper panel of each graph Fig. 7 Effects of phospholipase C inhibition on C-peptide-induced phosphorylation of ERK1/2 (a), JNK (b), p38 MAP kinase (c) and PKC-δ (d). Cells were serum starved overnight, and pretreated in the absence or presence of 10 μmol/l phospholipase C inhibitor U73122 for 30 min in serum-free media. Cells were then stimulated with 5 nmol/l C-peptide for 10 min. Total cell lysates were subject to western blot analysis to determine the phosphorylation of ERK1/2, JNK, p38 MAP kinase and PKC-δ. Results are means ± SE for five independent experiments. *p<0.05 vs control. A representative western blot image is shown in the upper panel of each graph Na + , K + -ATPase by this fragment [6, 15, 31, 32] , whereas scrambled C-peptide had no effect. In contrast to a previous study involving mouse endothelial cells [27] , we did not observe an increase in p38 MAP kinase phosphorylation, which may be related to tissue-and speciesspecific differences. C-Peptide stimulation also led to a rapid and transient increase in the phosphorylation of Akt (protein kinase B). Akt stimulation required a similar concentration of C-peptide to ERK1/2 phosphorylation. This effect was sensitive to pertussis toxin, indicating that Akt activation by C-peptide occurs via a G-proteinmediated signal. In contrast, exposure of human renal tubular cells to high nonphysiological concentrations of Cpeptide does not result in activation of Akt or MAP kinase. This may be a consequence of the rapid desensitisation of the C-peptide pathway, or it may be due to the activation of another cell signalling system, masking the low concentration effect of C-peptide.
The nature of the C-peptide binding site has not yet been reported. However, consistent with previous studies from this laboratory and others [1] [2] [3] 6 ], all C-peptidemodulated signalling events were inhibited by pertussis toxin, indicating that the signal is mediated via a G i -or G oprotein. The observed stimulation of the PI-3 kinase and Akt signalling pathway is not necessarily contradictory to the proposed G-protein involvement. Stimulation of G i / G o -protein-coupled receptors may result in activation of PI-3 kinase-γ via its association with the dissociated βγ subunits of the G-protein complex [33, 34] . Notably, PI-3 kinase-γ is highly expressed in kidney proximal tubular cells [35] . Alternatively, C-peptide may conceivably activate PI-3 kinase via stimulation of the insulin receptor tyrosine kinase or via attenuation of tyrosine phosphatase activity [36] . In contrast, human skeletal muscle strips exposed to C-peptide respond with augmented glucose uptake, but fail to show phosphorylation of the insulin receptor or its tyrosine kinase activity [37] . Likewise, studies of C-peptide binding to cell membranes show that bound C-peptide cannot be displaced by insulin, nor can bound insulin be displaced by C-peptide [1] . The latter findings suggest that C-peptide and insulin bind to different sites, probably on different receptors, but the possibility of there being two different loci on the same receptor cannot be excluded.
Previous reports indicate that C-peptide stimulation of ERK1/2 may be abolished by downregulation of PKC expression [3] . C-peptide induces PKC-α translocation to the membrane fraction in rat medullary thick ascending limb tubular cells [7] and activates PKC-α in opossum kidney tubular cells [26] . In contrast to the latter study, we found that in human renal tubular cells, C-peptide causes translocation of the PKC isoforms δ and ɛ to the membrane fraction, while the cellular distribution of the PKC isoforms α, γ, ζ and θ was not influenced by C-peptide. The broad-spectrum PKC inhibitor GF109203X abolished C-peptide activation of both PKC-δ and -ɛ, while the specific PKC-δ inhibitor rottlerin abolished only PKC-δ activation. Furthermore, both rottlerin and GF109203X abolished the effect of C-peptide on ERK1/2 phosphorylation. Thus, C-peptide in human tubular cells activates ERK1/2 via PKC-δ.
Since the effect of C-peptide on ERK phosphorylation was transient, it was of interest to show whether desensitisation of the signalling pathway occurs at the PKC level. We incubated human renal tubular cells with 1 and 5 nmol/l of C-peptide for 24 h and assessed the expression level of different PKC isoforms. However, levels of expression of Ca 2+ -and-phospholipid-sensitive PKC isoforms α and γ, as well as C-peptide-regulated diacylglycerolsensitive PKC isoforms δ and ɛ, were not affected by longterm C-peptide incubation (data not shown). We believe that the effect of C-peptide on ERK phosphorylation is C-peptide stimulation of PKC-δ, ERK1/2 and JNK phosphorylation was completely abolished by U73122, a specific phospholipase C inhibitor. Stimulation of phospholipase C by G-protein-coupled receptors leads to increases in intracellular diacylglycerol concentration [38] . Notably, PKC-δ and -ɛ belong to the subfamily of novel PKC, which requires only diacylglycerol for activation [39, 40] . Thus, we hypothesise that PKC-δ may act on MAP kinase phosphorylation following C-peptide exposure. At the same time, activated PKC-δ and -ɛ could phosphorylate and activate other downstream target proteins such as Ca 2+ channels [41, 42] . L-Type Ca 2+ channels have been reported to be positively modulated by novel PKC isoforms [41, 43] and it is established that C-peptide is capable of eliciting increases in intracellular Ca 2+ concentration [2, 5, 6] . In the present study we found that the Ca 2+ channel blockers verapamil and nifedipine abolished the effect of C-peptide on ERK1/2 phosphorylation, indicating that C-peptide stimulation results in an influx of Ca 2+ rather than in the release of intracellular Ca +2 stores. However, there was no activation of the Ca 2+ -sensitive PKC isoforms after C-peptide stimulation. Despite this, increases in Ca 2+ could still be of importance for the facilitation of MAP kinase cascade activation [44] . Increases in Ca 2+ may also modulate Ca 2+ -dependent protein phosphatase activity, which has been reported to be involved in C-peptide intracellular signalling [6] . In addition, C-peptide stimulation caused PKC-δ-dependent translocation of small GTPase RhoA from the cytosol to the cell membrane. This could provide a link between PKC phosphorylation and the activation of the MAP kinase signalling cascade, since the Rho/ras small GTPase family members have been implicated in the activation of JNK and ERK1/2 [29, 45] .
It has been suggested that C-peptide plays an important role in the maintenance of vascular homeostasis via its effects on eNOS [8] . There is also evidence to indicate that C-peptide participates in the control of renal Na + , K + -ATPase activity, thereby contributing to the regulation of tubular sodium handling during postprandial periods [6, 7] . However, the precise role of C-peptide in the modulation of intracellular signalling in health or in diabetes is not fully understood. Taking into account our present finding of C-peptide activation of PKCs, ERK and JNK in human renal tubular cells, as well as previous findings reporting anti-apoptotic and proliferative [18] effects of C-peptide, a specific role of C-peptide in the protection against diabetic nephropathy can be envisaged. Loss of proximal tubular cells during the development of type 1 diabetic nephropathy may reflect severe defects in the proliferation and/or survival programs of these cells, possibly related to lack of periodical stimulation by Cpeptide and to activation of downstream targets. Activation of MAP kinases is reported to result in cell proliferation [45] , and an anti-apoptotic role of Akt/PKB stimulation has been demonstrated [46] . Subsequent activation of PKC and RhoA may also lead to Na + , K + -ATPase stimulation [6, 47] , a well-established effect of C-peptide in renal tubular cells [6, 7, 31] . Thus, signals transmitted by C-peptide are likely to play a crucial role in maintaining the number and function of proximal tubular cells.
In conclusion, C-peptide signal transduction involves the following: (1) the stimulation of a pertussis-toxinsensitive membrane binding site; (2) a G i /G o -proteincoupled membrane receptor (probable involvement); (3) activation of phospholipase C, PKC-δ and -ɛ, and the small GTPase RhoA; and (4) phosphorylation of ERK1/2 and JNK (Fig. 9) . When activated, ERK and JNK could phosphorylate transcription factors and downstream kinases responsible for chromatin remodelling, gene expression and cell proliferation. A parallel activation of Akt/ Fig. 9 Schematic representation of intracellular signalling pathways for C-peptide. For comments see "Discussion" PKB via PI-3 kinase-γ by the dissociated βγ subunits of G-protein could also occur, followed by subsequent activation of anti-apoptotic pathways in kidney cells, or activation of glycogen synthesis and glucose transport in muscle cells. The identification of the molecular mechanism of C-peptide action will bring new understanding of the physiological role of C-peptide and its therapeutic effects for the treatment of diabetes mellitus, and may facilitate the identification of a putative C-peptide receptor.
